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Abstract: In this study, water soluble CuO nanostructures having nanobelt, nanorod, or spindle morphologies
were synthesized using aqueous solutions of Cu(NO3)23H2O and NaOH by adjusting the type of surface modifier
and reaction temperature. The effect of morphologies of these various CuO nanostructures as water-based
lubricant additives on tribological properties was evaluated on a UMT-2 micro-friction tester, and the mechanisms
underlying these properties are discussed. The three different morphologies of CuO nanostructures exhibited
excellent friction-reducing and anti-wear properties. Tribological mechanisms differed in the initial stage of
frictional interactions, but in the stable stage, a tribochemical reaction film and adsorbed lubricious film on the
rubbing surfaces played important roles in hindering direct contact between friction pairs, leading to improved
tribological properties.
Keywords: CuO nanostructures; morphology; water-based lubricant additive; tribological properties

1

Introduction

As the society is progressing, people are increasingly
demanding environmental protection and resource
conservation. Protecting the environment has become
an important global concern, particularly in relation
to conserving resources. Water-based lubricants are
environmentally friendly, inexpensive, safe, and easy
to clean, and possess excellent cooling properties.
Consequently, they find application in many fields,
including metal cutting, mechanical processing, and
as drilling fluids [1–4]. However, water-based lubricants
experience limitations to their wider practical application [5] due to their intrinsic limitations, including
insufficient lubricity, poor rust resistance, and short
service life. Therefore, it is necessary to develop high
performance water-soluble additives with frictionreducing, anti-wear, and thermal conductivity to expand

the application range of water-based lubricants.
Many nanomaterials are beneficial for improving
tribological properties of water-based lubricants [6–8].
Graphene and graphene oxide [9–11], carbon dots
[12], hard carbon spheres [13], carbon nanotubes [14],
ionic liquids [15], sulfides [16–18], oxides [2, 7, 19],
and metal nanocopper [20, 21] have been designed
and synthesized to improve the performance of water.
Furthermore, a number of lubrication mechanisms
have been proposed to explain the improvement of
tribological performance, including: (a) formation of
physical or/and chemical tribofilms. Such protective
films prevent direct contact between friction surfaces,
leading to promising tribological properties; (b) generation of a rolling effect, whereby nano-additives rolled
between frictional surfaces result in decreased friction
and wear; (c) mending effect, whereby nano-additives
infill the defects of friction surfaces, thus improving
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their wear resistance; (d) polishing effect, whereby
nano-additives polish the rough surface and decrease
frictional forces.
The molecular structure of nanoparticles has a
significant influence on tribological behaviors. The
morphology of nanoparticles also exerts an effect
on reducing friction, but has a trivial influence on
anti-wear properties. Onion- and flake-shaped nanoparticles exhibited superior tribological properties
compared to other morphologies (nanotube and
granular) [6]. Recently, Dong et al. [22] demonstrated
that smooth flaky MoS2 exhibited better lubrication
than spherical MoS2 nanoparticles. This was because it
was easier to shear for flaky MoS2 and subsequently
transfer the sheared nanoparticle to the metal surfaces,
where they acted as a lubricant. Israelachvili et al. [23,
24] demonstrated that ZnS nanorods exhibited superior
micro-tribological behavior compared to nanowires
and spherical nanoparticles. It is pertinent to note
the geometrical shape of ZnS nanorods, which tend
to roll, and possibly slide, in confined layers. The
influence of morphology on tribological properties
needs further study.
Cupric oxide (CuO) has attracted significant attention
in a wide range of applications due to its unique
physical and chemical properties. It has been widely
used as a coloring agent, antifouling coating, and has
a non-negligible influence in many fields, including
as sensors, electrochemistry, semiconductor optics,
electronics, and solar cell film [25–28]. Nanoparticles
of CuO can also kill microorganisms [29–31] and
therefore have potential applications in biology
[32, 33]. Researchers have also studied the tribological
properties of CuO nanoparticles. Peña-Parás et al. [34]
selected CuO and Al2O3 nanoparticles as additives
to a fully-formulated oil and PAO8 based oil. CuO
nanoparticles showed positive effects on the tribological
properties for both oils due to nanoparticle tribosintering
onto the surfaces. However, Al2O3 nanoparticles acted
as an abrasive and exerted a detrimental effect on
both oils. In addition, Alves et al. [35] highlight that the
tribological behavior of CuO and ZnO nanoparticles
is pertinent to base oil. Mineral oil can achieve the
best performance following the introduction of ZnO
nanopaticles, while synthetic oil, combined with CuO
nanoparticles, produced excellent tribological properties.

In contrast, the addition of CuO and ZnO nanoparticles to sunflower and soybean oils resulted in
weak tribological performance. However, the introduction of CuO nanoparticles to coconut oil was
beneficial to improving friction-reducing and anti-wear
properties [36]. Chimeno-Trinchet et al. [37] prepared
spherical and prolate CuO nanoparticles modified
with silane as additives in base oil 68. The addition of
0.1% CuO nanoprolates reduced both the friction
coefficient and wear volume, compared to the base
oil, owing to the mending effect of CuO nanoprolates
between the contacting bodies. However, CuO
nanospheres did not improve lubricity. Spherical
CuO nanoparticles, with a diameter of 50–300 nm, were
inferior to MoS2 nanosheets. Thus, the tribological
properties of the friction pairs significantly depend
on size, morphology and composition of nanomaterials,
and type of base oil.
As a stable oxide of copper, CuO with different
morphologies have been synthesized, including nanoneedle, nanowire, nanosheet, nanorod, nanobelt,
nanotube, nanowhisker, and nanoparticle [38–44].
It also has good thermal conductivity and excellent
stability in air. Yang et al. [45] used a double coating
of CuO nanoparticles with sodium oleate and ethyl
acetate to prepare water-soluble CuO nanoparticles,
using a homogeneous precipitation method. They
found that CuO nanoparticles in distilled water had
friction-reducing and anti-wear properties. In addition,
Minakov et al. [46] used CuO nanoparticles, modified
with xanthan gum polymers, as nano-fluid additives
and demonstrated a significant increase in the heat
transfer coefficient and the coefficient was proportional
to the concentration of CuO additive. Previous studies
have demonstrated that nanomaterials with good
thermal conductivity can accelerate heat transfer
and reduce localized high temperatures of frictional
surfaces [18, 21].
In this paper, CuO nanostructures with different
morphologies (nanobelts, nanorods, and spindle shapes)
were synthesized, using polyvinyl pyrrolidone (PVP)
as dispersant and polyethylene glycol (PEG) as guiding
agent, by in-situ surface modification. The tribological
properties of CuO with three different morphologies
were compared and their tribological mechanisms
are discussed.

| https://mc03.manuscriptcentral.com/friction

Friction 9(5): 963–977 (2021)

2

965

Experimental

2.1 Chemicals
Copper nitrate (Cu(NO3)23H2O) and PEG-400 were
acquired form Tianjin Kemiou Chemical Reagent Co.,
Ltd. PVP-300000 was produced by Sigma-Aldrich.
Sodium hydroxide and ammonia were obtained
from Luoyang Haohua Chemical Reagent Co., Ltd.
Commercial water-based lubricants were provided by
Henan Xindaxin Materials Co., Ltd. All the chemical
reagents used in our research are of analytical grade
and used without further purification. The experiments
were carried out in distilled water.
2.2

Material synthesis

2.2.1 Synthesis of nanostructured CuO with nanobelt
morphology
In a typical synthesis experiment, 0.22 g of PVP and
0.234 g of Cu(NO3)23H2O were dissolved in 10 mL of
distilled water agitated with a magnetic stirrer. After
the mixture was heated to 90 °C, 2 mL of NaOH (1 M)
was added and stirred for another 60 min. The color
of the solution changed from blue to dark brown and
CuO nanobelts were obtained.
2.2.2 Synthesis of nanostructured CuO with nanorod
and spindle shapes
CuO nanosturctures were synthesized by in situ surface
modification. First, 0.22 g of PVP, 5 mL of PEG, and
1 mmol of Cu(NO3)23H2O were dissolved in 5 mL of
distilled water in a round-bottom flask and the solution
was agitated with a magnetic stirrer. 2 mL NaOH
solution (1 M) was added to the resultant mixture
at a range of specific temperatures, and stirred for a
range of durations, until the color of the solution
turned dark brown. CuO nanomaterials with nanorod
or spindle shapes were obtained through adjustments
of the reaction time and temperature.
In each instance, the final CuO nanostructures were
obtained by centrifugation and repeated washing, and
were subsequently dried at 80 °C.
2.3 Characterization
The crystallography and composition of the as-prepared
CuO nanostructures were characterized by D8-Advance

X-ray power diﬀraction (XRD). The morphologies
of the nanomaterials were surveyed by transmission
electron microscopy (TEM, JEM-2010). The thermal
stability analysis was conducted by a thermogravimetric analyzer (TGA, Mettler Toledo) in a
nitrogen atmosphere. Finally, the surface chemistry
structures of the CuO nanostructures were measured
by a Vertex 70 Fourier transform infrared (FTIR)
spectrometer.
2.4

Tribological properties evaluation

The tribological properties of the nanobelt, nanorod,
and spindle shaped CuO nanostructures as lubricant
additives were evaluated on a UMT-2 tribotester in
a ball-on-plate mode, at a sliding speed of 20 mm/s,
and a test duration of 30 min. Si3N4 balls (φ4) and
304 stainless steel plate were selected as counterparts
in reciprocating sliding with a stroke of 5 mm. The
test concentration of CuO nanostructures ranged
from 0.1 wt% to 2.0 wt% in distilled water and the plot
of friction coefficient with time was automatically
recorded by the tribotester.
The thermal conductivity of CuO nanomaterials as
additives to distilled water was tested on a TC 3000E
thermal conductivity meter at a test temperature
of 22 °C, a test voltage of 3 V, and an acquisition time
of 6.5 s.
A Contour GT-K white light interferometer was
employed to determine the morphology, depth, and
width of wear scar and wear track. An AXIS ULTRA
X-ray photoelectron spectroscope (XPS) was used to
examine the chemical composition of the protective
film formed on the rubbing surface.

3

Results and discussion

3.1 Controllable synthesis of CuO nanostructures
CuO nanobelts were synthesized using an aqueous
solution of NaOH and Cu(NO3)2 in the presence of
PVP. TEM images of CuO nanobelts demonstrated
that they were uniformly dispersed without obvious
agglomeration (Fig. 1). The width and length of the
CuO nanobelts were approximately 7 nm and 25–
130 nm, respectively. CuO nanobelts were obtained
upon the decomposition of the copper hydroxide,
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Fig. 2 TEM images of CuO nanorods prepared at 90 °C for 3 h
with different magnification: (a) 40,000× and (b) 80,000×.

Fig. 1 TEM images of as-prepared CuO nanobelts with different
magnification: (a) 10,000×, (b) 30,000×, (c) 50,000×, and (d)
80,000×.

which was an intermediate product formed during
the experimental process under alkaline conditions,
as previously reported [44].
The volume of distilled water was reduced by
half, 5 mL of PEG was added to the water, and other
reactants were the same as those for preparing CuO
nanobelts. By changing reaction temperature and
duration, CuO nanorods and spindle CuO nanostructures were obtained. When the reaction temperature remained at 90 °C, the final product was CuO
nanorods. At this temperature, the reaction solution
blackened rapidly after adding NaOH because CuO
nanostructures can be rapidly formed at high temperature. With increasing reaction time, the diameter
of CuO nanostructures increased (see Fig. S1 in the
Electronic Supplementary Material (ESM)). Nanorods
produced after 3 h reaction time were uniform in size,
well dispersed, and with a length and diameter of
about 20–30 nm and 6 nm, respectively (Fig. 2).
When the reaction temperature was 50 °C, the
nanostructures produced were all spindle shaped.
Spindle CuO nanostructures produced at 50 °C and a
reaction time of 8 h were about 60 nm in the widest
part and 230 nm in length (Fig. 3). The spindle CuO
nanostructures were composed of slender nanorods
and were well dispersed and distributed (Fig. S2 in the

Fig. 3 TEM images with different magnification of the asprepared spindle shape CuO nanostructure obtained by reaction
temperature of 50 °C and reaction time of 8 h: (a) 10,000×,
(b) 15,000×, (c) 40,000×, and (d) 100,000×.

ESM). It is inferred that spindle CuO nanostructures
were formed by self-assembly of CuO nanorods. With
increasing reaction time, the morphology of spindle
CuO nanostructures became more regular and their
size gradually increased.
Reaction time, reaction temperature, and PEG
concentration played significant roles in controlling
the morphology of CuO nanostructures. The process
of formation of CuO nanostructures with different
morphologies is presented in Fig. 4. The intermediate
Cu(OH)2 was formed by adding NaOH to a solution
of Cu(NO3)23H2O. Nanobelts of CuO were synthesized
by thermal decomposition of Cu(OH)2 with PVP as
the dispersant and coating agent in the reaction
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Fig. 4 Schematic diagram of the formation process of CuO
nanostructures.

solution. Following the interaction of PVP and PEG,
CuO rapidly nucleated to form CuO nanorods at a
high temperature of 90 °C. Conversely, CuO slowly
nucleated to form slender nanorods, which ultimately
assembled into spindle CuO nanostructures. In this
reaction process, PEG acted as a molecular guiding
agent to align the nanorods in parallel, thereby
achieving the same crystallization orientation. Moreover,
hydrophilic groups in PEG result in a uniform dispersal
of CuO nanostructures in water.
3.2

Structural analysis of CuO nanostructures

Major peaks in XRD patterns for the CuO nanostrustures with different morphologies were located
at 2θ values of 25° to 90° (Fig. 5), which correspond
to the typical diffraction characteristics of monoclinic
phase CuO [47]. This XRD pattern was consistent with
Joint Committee on Powder Diffraction Standards
(JCPDS) card no. 45-0937, and no other peaks
corresponding to impurities obtained, indicating the
presence of pure monoclinic CuO. Among the XRD
patterns of CuO nanostructures with three different
morphologies, the (002) peak strength of spindle
CuO nanostructures was the highest because of the

Fig. 5 Representative XRD patterns of the CuO nanostructures
with different morphologies.

clear crystal orientation. The XRD peak broadening
of CuO nanorods was the most prevalent due to the
small sizes of the CuO nanorods prepared in this
study.
The FTIR spectra of the CuO nanostructures with
different morphologies and using the raw materials
of PVP and PEG were recorded for 400–4,000 cm−1
(Fig. 6). The characteristic peaks positioned at 516 and
608 cm−1 can be ascribed to the stretching vibrations
of Cu–O bonds [48, 49]. In the FTIR spectra of CuO
nanobelts, the broad absorption peak at ~3,434 cm−1
was due to H–O–H vibrations of hydroxyl groups
in water molecules, indicating that there were some
adsorbed water molecules on the surface of CuO
nanobelts [47]. The absorption peaks of 2,923 and
2,862 cm−1 in the spectra of the CuO nanobelts correspond to the asymmetric and symmetrical stretching
vibration of C–H. Finally, the peak at 1,636 cm−1 may be
attributed to the stretching vibration of C=O resulting
from PVP capped on the surface of CuO nanobelts.
The CuO nanorods and spindle CuO nanostructures
were also analyzed by FTIR spectroscopy. The
absorption peaks positioned at around 3,434 cm−1 in
CuO nanorods and spindle CuO nanostructure can
be assigned to the stretching vibration of OH groups
originating from PEG or water. The existence of
peaks at about 1,636 cm−1 was assigned to the ketone

Fig. 6 FTIR spectra of CuO nanostructures with different
morphologies.
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group of PVP adsorbed on the CuO surface. The peaks
of 2,923 and 2,862 cm−1 in the spectra show –CH2 and
–CH3 stretching band. The stretching vibration bands
for the three morphologies of CuO were clearly
observed at 1,441 cm−1 (CH2) and 1,281 cm−1 (C–N),
indicating a successful coating of PVP on the surface
of the CuO nanostructures. Furthermore, the peak at
1,103 cm−1 was due to the C–O stretching vibration [50],
indicating PEG also coated the surface of CuO
nanorods and spindles.
Thermogravimetric analysis curves of CuO nanobelts,
nanorods, and spindles are presented in Fig. 7. The
three CuO nanostructures started weight loss at around
100 °C because of the small amount of moisture
associated with them. The largest and most pronounced
weight loss occurred at about 280 °C, and this was
ascribed to the decomposition of PVP coated on the
surface of all three nanostructures of CuO. In contrast
to the TGA curve of CuO nanobelt, CuO nanorods
and spindle nanostructures exhibited another relative
slow weight loss at near 350 °C, which was due to the
decomposition of PEG on the surface of CuO. No
significant additional weight loss was observed from
500 to 800 °C, indicating PVP and PEG had been
almost completely decomposed. It can therefore be
concluded that the surface of CuO nanobelts were
coated only with PVP as a modifier, and the weight
fraction was approximately 17.1%. CuO nanorods and
spindle were coated with two modifiers, PVP and PEG,

Fig. 7 TGA curves of CuO nanostructures with different morphologies under N2 atmosphere at a heating rate of 10 °C/min.

and their total weight fractions were about 21.0% and
17.1%, respectively. PVP and PEG were coated on the
surface of hydrophilic CuO nanostructures [51, 52]
by physical adsorption and this further improved the
water solubility of CuO nanostructures.
3.3

Tribological properties of CuO nanostructures

Figure 8 illustrates the test results of the friction
coefficient for distilled water, water-based lubricants,
PEG, and the three different morphologies of CuO
nanostructures in distilled water. The friction coefficient
(about 0.57) did not change significantly as the
concentration of PEG in water increased to a maximum
of 2 wt% (Fig. 8(a)). When CuO nanostructures
with different morphologies were added to water,
the friction coefficient initially decreased and then
increased with increased concentration. The friction
coefficient was the lowest (0.168, 0.169, and 0.199 for
nanobelts, nanorods, and spindles, respectively) when
the concentration of CuO nanostructures was 0.8 wt%.
Compared with the friction coefficient of distilled
water (0.576), the friction coefficients were reduced
by 70.9%, 70.7%, and 65.4%, for nanobelts, nanorods,
and spindles, respectively. Similarly, the friction
coefficients were reduced by 52.2%, 51.8%, and 43.2%,
compared to the friction coefficient of commercial
water-based lubricants (0.351; Fig 8(b)), respectively,
showing good friction-reducing performance. When
the concentration of CuO nanostructures in water
exceeded 0.8 wt%, the friction coefficient increased,
indicating that the optimal concentration (0.8 wt%) at
which the friction coefficient is the minimum, under
the given experimental conditions [36]. At lower concentrations, a homogenous and continuous lubricating
film was not formed on the rubbing surface during the
test. At the optimum concentration (0.80 wt%), the
nanoadditives filled the valleys within asperities, and
formed a fine lubricating film which prevented the
friction pairs from direct contact, leading to a reduced
friction coefficient. Above the optimum concentration,
random aggregation occurred on the surface of the
friction pairs, which was higher than the thickness of
the water film in the contact region and this caused
abrasive wear, resulting in an increased friction
coefficient [10, 36, 53–55]. Variations of friction coefficient
with sliding time are presented in Fig. 8(b). The friction
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time was relatively stable, compared with commercial
lubricants and water. Running-in time was the shortest
during lubrication with 0.8 wt% CuO nanobelts.
Nanobelts were able to easily enter between the rubbing
surfaces and formed a protective film. Furthermore,
it was easily sheared and transferred to the counterpart
[22, 56, 57], thereby enhancing the reduction of the
friction coefficient. During lubrication with 0.8 wt%
CuO nanorods, the friction coefficient was the smallest
during the running-in period, which may be due to
the rolling effect of nanorods [58, 59]. It required a
relatively long time (about 200 s) for the spindle CuO
nanostructures to attain a stable friction coefficient. It
is speculated that the spindle CuO nanostructures were
destroyed during the friction test and were dispersed
to form slender nanorods. As wear increased, the
CuO nanostructures with different morphologies
formed a protective film and effectively reduced the
friction coefficient. Figure 8(c) depicts the relationship
between the friction coefficient and applied load for
the 0.8 wt% aqueous solution of the three different
CuO nanostructures compared with distilled water.
The friction coefficients were relatively stable and much
lower than those under distilled water lubrication with
the increase of applied load, within the test range,
thereby demonstrating excellent lubricity.
3.4

Fig. 8 The results of the friction test. (a) Friction coefficient as
a function of concentration, (b) variations of friction coefficient
with sliding time, and (c) relationship between friction coefficient
and applied load.

coefficient did not exhibit an obvious change after the
addition of 0.8 wt% PEG to distilled water and the
friction coefficient remained at about 0.57, equivalent
to the friction coefficient of water (0.576) (Fig. 8(b)).
The friction coefficient of the water-based lubricant
was significantly lower than that of distilled water.
When 0.8 wt% of the three morphologically different
CuO nanostructures in aqueous solutions were used
as lubricants, the friction coefficient was significantly
reduced, and the curve of friction coefficient versus

Worn surface analysis

The 3 dimensional (3D) morphologies and 2D profiles
of wear scar and wear track were tested on a white
light interferometer. Figure 9 exhibits the 3D morphologies of wear scar and corresponding wear track
of surfaces lubricated with aqueous solution of 0.8 wt%
CuO nanostructures with different morphologies,
compared to distilled water and commercial waterbased lubricants. The 2D profiles of the wear scars
and matched wear tracks are presented in Fig. 10. The
wear scar and the wear tracks of surfaces lubricated
with distilled water were very large and wide, and
the furrows were very deep on the worn surface
(Figs. 9(a) and 10). The wear scar arising on surfaces
lubricated with a water-based lubricant was slightly
smaller, compared with that lubricated with distilled
water, but many furrows along the direction of friction
were apparent (Figs. 9(b) and 10). When 0.8 wt%
aqueous solutions of CuO nanostructures with different
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Fig. 9 The 3D morphologies of the worn surface on Si3N4 ball (left) and 304 stainless steel plate (right) lubricated by (a) distilled
water, (b) commercial water-base lubricants, (c) 0.8 wt% CuO nanobelts, (d) 0.8 wt% CuO nanorods, and (e) 0.8 wt% spindle CuO
nanostructures (speed: 0.02 m/s, load: 2.0 N, time: 30 min).

morphologies were used as lubricants, the size of
wear scars were significantly reduced, and the surface
roughness of wear scars were relatively small and
smooth. The volumes of the wear scars lubricated by
CuO nanobelts, nanorods, and spindle nanostructures
were 3,458.2, 4,444.5, and 8,702.6 μm3, respectively, a
reduction of 89.1%, 86.0%, and 72.6%, compared with
distilled water lubrication (31,795.7 μm3), respectively.
Compared with the volume of wear scar during
lubrication with a commercial water-based lubricant,

the volume of the wear scars lubricated by CuO
nanobelts, nanorods, and spindle nanostructures were
reduced by 84.9%, 80.6%, and 62.0%, respectively.
Thus, the CuO nanostructures with different morphologies exhibited significantly better, and excellent,
anti-wear properties than distilled water and waterbased lubricants. Moreover, CuO nanobelts exhibited
the most remarkable anti-wear property. The width
of wear tracks lubricated by 0.8 wt% CuO nanorods
and spindles were similar to those lubricated by a
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Fig. 10 The cross-section profiles of (a) wear scar on Si3N4 ball and (b) wear track on 304 stainless steel plate.

water-based lubricant. However, the width of the
wear tracks was significantly narrower than those of
distilled water. The width of wear tracks lubricated
by 0.8 wt% CuO nanobelts was the narrowest, and its
wear rate was 22.2  10−6 mm3/(Nm), 16.5% lower than
that of wear tracks arising during lubrication with
water (26.5  10−6 mm3/(Nm)), and 3.5% smaller compared with a commercial water-based lubricant. A
possible explanation for the reduction in wear is the
formation of a protective film, which separated direct
contact between asperities, thereby reducing wear.
To analyze the tribological mechanisms of CuO
nanostructures with different morphologies as lubricant
additives in distilled water, surface analysis by XPS was

performed on the rubbing surface of 304 stainless steel
plates. Figure 11 presents the XPS spectra of C 1s, O 1s,
N 1s, Cu 2p, and Fe 2p of wear tracks on stainless
steel plates lubricated by aqueous solution of 0.8 wt%
CuO nanobelts. The peaks of 284.6, 284.8, 288.6, and
289.0 eV in C 1s were assigned to C–H, –C, C–N, and
C=O in PVP, respectively, while peaks of 530.2, 531.1,
532.0, and 533.0 eV in O 1s correspond to Fe2O3, Cu2O,
O–H, and C=O, respectively. The hydroxyl group was
derived from the surface of CuO since CuO is a
hydrophilic oxide. The peaks of 932.7 and 952.5 eV in
Cu 2p and O 1s at 531.1 eV were attributed to the
formation of Cu2O. Combining the peaks of 710.8 and
724.0 eV in Fe 2p and the peaks of O 1s at 530.2 eV, it is

Fig. 11 XPS spectra of wear track on 304 stainless steel plate lubricated by aqueous solution of 0.8 wt% CuO nanobelts (speed: 0.02 m/s,
load: 2.0 N, time: 30 min).
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concluded that Fe2O3 was formed during the friction
test. The peak at 399.9 eV in N1s is due to nitrogencontaining organic compounds. Therefore, when
0.8 wt% CuO nanobelts in aqueous solution was used
as the lubricant, a protective film composed of Cu2O,
Fe2O3, and organic nitrogen compounds was formed
on the surface of the wear track, which played an
important role in reducing friction and increasing
anti-wear.
Figure 12 shows the XPS spectra of C 1s, O 1s, N 1s,
Cu 2p, and Fe 2p on the wear track of surfaces lubricated
by 0.8 wt% CuO nanorods in aqueous solution. The
peaks at 284.6, 284.8, 286.5, 288.6, and 289 eV in C 1s
correspond to C–H, C–C, C–O, C–N, and C=O in
organic modifiers, respectively. In particular, the C–N
and C=O bonds were derived from the modifier PVP,
while the C–O bond originated from PEG. The peaks
of 531.7 and 533.0 eV in O 1s were assigned to C–O
and C=O bonds, respectively. The peaks at 932.7 and
952.5 eV in Cu 2p correspond to Cu 2p3/2 and Cu 2p1/2,
corresponding to Cu2O, where the oxygen corresponds
to the peak of 531.1 eV in O 1s. It is noteworthy that
there was no satellite peak (941eV) of divalent copper
in Cu 2p [60, 61]. Instead of CuO, Cu2O was generated
here because CuO decomposed under high temperature
and high pressure to produce Cu2O and O2. In Fe 2p,

the peaks at 707.0 and 720.1 eV correspond to 2p3/2
and 2p1/2 of zero-valent iron, which originated from
304 stainless steel. The combination of 710.9 eV (2p3/2)
peak in Fe 2p and 530.2 eV peak in O 1s demonstrated
that Fe2O3 had been formed, indicating the occurrence
of a tribological chemical reaction between oxygen
and the metal friction pairs during the friction test.
In addition, the peak of O 1s at 532.2 eV was ascribed
to the O–H bond from PEG, while the peak of N 1s at
399.9 eV was designated as nitrogen-containing organic
compound, indicating that the PVP on the surface of
CuO was decomposed and adsorbed on the surface
of the friction pairs during rubbing.
The XPS spectra of wear tracks on steel plates
lubricated by an aqueous solution of 0.8 wt% spindle
CuO nanostructures (Fig. S3 in the ESM) were consistent
with those on the surface of wear tracks lubricated by
an aqueous solution of 0.8 wt% CuO nanorods. When
an aqueous solution of 0.8 wt% spindle CuO nanostructures was used as the lubricant, the friction
coefficient required a longer time to stabilize than
that of CuO nanorods and nanobelts (Fig. 8), which is
ascribed to the self-assembly of nanorods of CuO by
CuO spindles. During the friction test the spindle
structure was destroyed and dispersed into slender
CuO nanorods because of the high temperature

Fig. 12 XPS spectra of wear track on 304 stainless steel plate lubricated by aqueous solution of 0.8 wt% CuO nanorods (speed: 0.02 m/s,
load: 2.0 N, time: 30 min).
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and high pressure. Subsequently, the mechanism of
amelioration of friction was similar to that of CuO
nanorods.
Based on the experimental wear data and the friction
surface analysis discussed above, models of the
mechanisms of lubrication by CuO nanostructures
with different morphologies were proposed (Fig. 13).
At the beginning of sliding, the extremely small
thickness of CuO nanobelts allowed them to enter
the sliding contact area easily (Fig. 13(a)). When one
roughness peak of one surface was approaching a
peak on the second surface, CuO nanobelts were
absorbed on the contact surface and were not pushed
away [57, 62]. When the two opposite peaks on the
ball and plate surfaces touched, they were prevented
from direct contact because of the thin layer of CuO
nanobelts between them [62]. Although they may be
deformed owing to the imposition of a load, wear of
the two surfaces was minimized under the protection
of the thin CuO nanobelts. After the two roughness
peaks separate, the nanobelts may adhere to the peaks
or return to the lubricant. As the reciprocating sliding
continued, a protective film was formed across the
rubbing surfaces and some tribochemical reactions
may take place under high contact pressure during
sliding. Finally, a complex adsorbed film and/or

tribochemical reaction film on the friction surfaces
was formed which were sufficiently smooth to result
in low friction and wear [22, 57].
The anti-wear and friction-reducing properties of
CuO nanorods could be attributed to their rolling
effect [58, 59]. During the running-in stage, the friction
coefficient was effectively reduced because the roller
like nanorods facilitate a rolling effect between the
contact surfaces [59] (Fig. 13(b)). Under the repeated
action of pressure and frictional heat, CuO nanorods
can be entrapped and then deposited onto contact
interfaces. As the sliding continues, a CuO protective
film is formed on the rubbing surface. Furthermore,
the CuO nanorods can participate in tribochemical
reactions and generate tribochemical reaction films
on the rubbing surfaces, thereby preventing direct
contact between asperities on the Si3N4 ball and the
304 stainless steel plate, and improved the tribological
properties [59]. When spindle CuO nanostructures
entered the interface between the friction pairs, they
decomposed into CuO nanorods under the action of
friction and shear [6] (Fig. 13(c)). Subsequently, the
tribological mechanisms were similar to those of CuO
nanorods. Finally, CuO nanomaterials can significantly
increase the thermal conductivity of distilled water
(Fig. S4 in the ESM), which accelerates heat dissipation

Fig. 13 The schematic of lubrication mechanisms under aqueous solution lubrication of (a) CuO nanobelts, (b) CuO nanorods, and (c)
spindle CuO nanostructures.
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and avoids local overheating of friction pairs, further
contributing to the improvement of tribological
properties.

4

Conclusions

In summary, three CuO nanostructures with different
morphologies (nanobelt, nanorod, and spindle shaped)
were synthesized in aqueous solutions of Cu(NO3)23H2O
and NaOH by adjusting the type of surface modifier
present, reaction time, and reaction temperature.
The tribological test results demonstrated that the
morphology of CuO nanostructures exerted a great
influence on their friction-reducing and anti-wear
properties. The CuO nanostructures, as water-based
lubricant additives, all significantly enhanced the
tribological performance of distilled water. In particular,
CuO nanobelts exhibited excellent anti-wear effects and
were more effective than the other two nanostructures.
This was attributed to the formation of a protective film
on the surface of the friction pairs. CuO nanorods
exhibited a lower friction coefficient than the remaining
two at the running-in stage because the nanorods
demonstrated a rolling effect between the friction
pairs and reduced the friction coefficient. As duration
of frictional interaction increased, the surface of
friction pairs lubricated with a CuO nanorod aqueous
solution formed the same uniform and complete
protective film as surfaces lubricated with nanobelts,
achieving almost the same friction coefficient. The
spindle CuO nanostructures with large particle size
were assembled from slender rods. They decomposed
into slender rods during the frictional interaction.
Subsequently, the mechanism underpinning the
reduction in friction was similar to that of nanorods.
It is concluded that a complex protective film was
formed and prevented the direct contact between
asperities of the friction pairs, thereby enhancing the
anti-wear and friction-reducing capacities of water.
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